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“Logic will take you from A to B.  
Imagination will take you everywhere” 
Albert Einstein  
Tunnelling in urban areas: the use of lateral walls to protect ancient buildings 
Jos van der Boom – ETSECCPB – UPC 2010-2011 P a g e  | III 
ABSTRACT 
Subject: Geotechnics 
Key words: Tunnels, Plaxis, Finite Element Analysis, ancient buildings 
Famous buildings of historical significance tend to occur in large, old cities such as London, 
Athens, Rome, Paris and Moscow, which also happen to be cities with some of the oldest and 
largest metro systems in the world. Metro stations tend to be placed near these monuments in 
order to attract scores of tourists. Various additional factors, such as traditional construction 
techniques and shallow foundations, conspire to make ancient buildings much more sensitive 
to ground subsidence than their modern counterparts. Furthermore, it is essential to make sure 
ancient buildings remain undamaged, as they are very much in the public eye and any 
damage sustained will have huge effects on the public opinion of the project.  
This project investigates the various aspects of constructing lateral walls to protect ancient 
buildings, the various types of lateral walls, their construction methodology and their design 
methodology. As background to the lateral wall discussion, this project gives a brief 
overview of the various tunnelling techniques that exist, the various damage classifications 
and the considerations specific to boring tunnels near ancient buildings. 
Finally, this project will focus on the AVE high-speed train line tunnel that is currently being 
constructed near the foundations of The Sagrada Familia, Barcelona’s iconic cathedral built 
by the famous Catalan architect, Antoni Gaudí. The scope of this project will primarily 
concentrate on the piled wall screen that has been built in order to protect the priceless 
Cathedral. The 2D finite element package Plaxis was used to perform a finite element 
analysis of the Sagrada Familia, the piled wall and the surrounding area.  
A comparison was made between five different cases: A piled wall with a concrete block at 
the head and an area of consolidated soil (the adopted solution); a wall with no concrete block 
but with consolidated soil; a wall with a concrete block but no consolidated soil; a wall with 
no concrete block or consolidated soil; and finally, no wall at all. 
The results show that the wall reduces surface deformations of the Sagrada Familia. The 
presence of the wall reduces the maximum vertical deformation by 41%. However, the 
maximum horizontal deformation was unchanged, although its location moved 10m away 
from the tunnel. With the wall, all points were shifted to the bottom left on the Boscardin and 
Cording graph, well within the negligible damage range, whereas without it, one point lay 
within the very slight damage range.  
However, the concrete block and/or consolidated soil offer little to no reduction in maximum 
vertical or horizontal deformation. Additionally, their incorporation does not affect the points 
on the Boscardin and Cording graph. 
A comparison between the measurements of the FEM analysis and measurements taken in 
practice conclude that the tunnel, together with the protective measures taken, poses minimal 
risk to the structural integrity of the Sagrada Familia.  
Tunnelling in urban areas: the use of lateral walls to protect ancient buildings 
Jos van der Boom – ETSECCPB – UPC 2010-2011 P a g e  | IV 
RESUMEN 
Tópico: Geotecnia 
Área: Túneles, Plaxis, Análisis de elementos finitos, edificios antiguos 
Algunos edificios famosos, de importancia histórica, tienden a existir en las ciudades grandes 
y viejas como Londres, Atenas, Roma, París y Moscú. Estas también resultan ser las ciudades 
con algunos de los sistemas de metro más grandes y antiguos del mundo. Las estaciones de 
metro tienden a ser colocadas cerca de los monumentos con el fin de atraer a decenas de 
turistas. Varios factores adicionales, tales como las técnicas de construcción tradicionales y 
cimentaciones superficiales, conspiran para hacer que los edificios antiguos sean mucho más 
sensibles a hundimientos de tierra que sus contrapartes modernas. Además, es esencial para 
asegurarse de que los antiguos edificios no sufran daños, ya que resultan un hito en las 
ciudades y cualquier perjuicio causado tendrá efectos enormes en la opinión pública del 
proyecto. 
Este proyecto investiga los diferentes aspectos de la construcción de muros laterales para 
proteger los edificios antiguos, los diversos tipos de paredes laterales, su metodología de 
construcción y su metodología de diseño. Como base para la discusión de las paredes 
laterales, este proyecto ofrece una breve descripción de las diferentes técnicas de túneles que 
existen, las clasificaciones diversas de daños y las peculiaridades de horadar túneles cerca de 
los edificios antiguos.  
Por último, este proyecto se centrará en el túnel del AVE línea de alta velocidad que está 
siendo construido cerca de los cimientos de la Sagrada Familia, la Catedral de Barcelona, 
construida por el famoso arquitecto catalán Antoni Gaudí. El alcance de este proyecto se 
centrará principalmente en la pantalla de las paredes apiladas, que ha sido construida con el 
fin de proteger el precio Catedral. El 2D programa de elementos finitos Plaxis se utilizó para 
realizar un análisis de elementos finitos de la Sagrada Familia, el muro apilado y sus 
alrededores.  
Se hizo una comparación entre los cinco casos diferentes: Una pared con un bloque de 
hormigón en la cabeza y una área de suelo consolidado (la solución adoptada); un muro sin 
un bloque de concreto, pero si con el suelo consolidado; una pared con un bloque de 
hormigón, pero no consolidado el suelo; una pared sin bloques de concreto o suelo 
consolidado; y, finalmente, ninguna pared.  
Los resultados muestran que la pared reduce las deformaciones de la superficie de la Sagrada 
Familia. La presencia de la pared reduce la deformación vertical máxima en un 41%. Sin 
embargo, la deformación horizontal máxima se mantuvo sin cambios, aunque su ubicación se 
trasladó 10 metros de distancia del túnel. Con la pared, todos los puntos fueron trasladados a 
la parte inferior izquierda de la gráfica Boscardin y Cording, bien dentro del rango de daño 
insignificante, mientras que sin ella, un punto está dentro del rango de daño muy leve.  
Sin embargo, el bloque de hormigón y/o el suelo consolidado ofrecen poca o ninguna 
reducción de la deformación máxima vertical u horizontal. Además, su incorporación no 
afecta a los puntos en la gráfica de Boscardin y Cording.  
Una comparación entre las mediciones del análisis de elementos finitos y las medidas 
tomadas en la práctica da la conclusión de que el túnel, junto con las medidas de protección 
adoptadas, representa un riesgo mínimo para la integridad estructural de la Sagrada Familia.  
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1 INTRODUCTION AND OBJECTIVES 
Tunnelling in urban areas often comes with considerable risks regarding damage to buildings. 
Damage may be posed due to surface settlements, swelling, vibrations or changes to the water 
table. The risks are exacerbated when the building in question has significant historical or 
cultural significance.  
The aim of this project is to investigate the effect of lateral walls in order to protect nearby 
ancient buildings using the Plaxis finite element package. Various constraints when 
tunnelling in urban areas will be considered, as well as the use of Finite Element Methods 
and the limitations and advantages of various FEM models.  
As background to the lateral wall discussion, this project gives a brief overview of the various 
tunnelling techniques that exist, the various damage classifications and the considerations 
specific to boring tunnels near ancient buildings. 
Some examples will be explored of the preventative measures that can be taken in order to 
protect nearby buildings, specifically focusing on lateral walls. This project investigates the 
various aspects of constructing lateral walls, the various types, their construction 
methodology and their design methodology.  
Finally, special attention will be paid to the AVE high-speed train line tunnel, which is 
currently being constructed near the foundations of The Sagrada Familia, Barcelona’s iconic 
cathedral. The geometry, geology and measures taken to protect the cathedral are explored. 
Finally, an extensive Finite Element analysis is employed to discover whether the tunnel 
entails any risk to the stability of the Sagrada Familia.     
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2 TUNNELLING IN URBAN AREAS 
The array of tunnels that may be built in urban areas is vast. Tunnels may for instance hold 
roads, railways, metro lines, pedestrian walkways or water supply networks. Tunnels may 
also have military functions to facilitate a civilian response during a military strike. The 
Moscow’s Metro system for example doubles as a nuclear bunker in case of a nuclear attack. 
Tunnels such as the Holland and Lincoln Tunnels under the Hudson River in New York or 
the Channel Tunnel, which connects England and France, are built to cross bodies of water.  
Usually the benefits of building a tunnel will have to be weighed up against those of building 
a bridge, especially in projects crossing a river. Generally, the cost of building a bridge across 
a river is cheaper than a tunnel. However, considerations such as length, maritime traffic, 
defence, tides or weather conditions may call for a tunnel to be built instead. 
The size, population and degree of urbanisation of modern cities provide strong incentives to 
use underground space. These incentives include reducing acoustic disturbance, preserving 
the surface environment, reducing visual impact, and traversing topographical obstacles. 
Moving traffic away from street level leaves more land available for buildings and other uses. 
In the case of train lines that need to traverse a city with high land prices and dense land use, 
there is often no alternative to building a tunnel. Most global major cities now possess 
extensive metro systems, the first of these to be constructed being the London Underground, 
which opened in 1863.  
2.1 Constraints 
When tunnelling in urban areas there are many idiosyncratic constraints and conditions that 
must be considered. These were listed by Guglielmetti (2008) as:      
 The route of the tunnel must be selected in order to minimise interferences with 
buildings at the surface, underground utilities and other pre-existing underground 
structures. 
 Limited accessibility for doing necessary site investigations due to a lack of 
permission or occupation of the ground surface. 
 Urban tunnelling is usually carried out at shallow depth for functional and cost 
reasons, which leads to consequences in terms of geology, subsidence and pre-
existing structures. 
 The sub-surface at shallow depths usually consists of poor quality ground including 
loose soils, alluvial deposits and manmade fills. This has important consequences for 
the design and construction of the tunnel. 
 May have to divert or relocate underground utilities. 
 Many cities around the world have objects of potential architectural or important 
historical significance hidden in the immediate underground level of the sub-surface. 
These must be recognised and dealt with.   
 Surface settlements (Factor of the quality of the ground, behaviour of the ground 
when tunnelling, control of the tunnel face, presence of underground water, 
hydrogeological regime) 
Tunnelling in urban areas: the use of lateral walls to protect ancient buildings 
Jos van der Boom – ETSECCPB – UPC 2010-2011 P a g e  | 2-3 
 Major disturbances to life above the surface should be avoided. It is important to 
minimise temporary interruption of traffic as well as accurately planning the location 
of worksite areas. Dust and noise emissions must be adequately controlled. Increased 
care must be taken when addressing safety issues. 
 It is essential to reduce excessive settlements and/or collapse. The collapse of a tunnel 
in an urban environment often produces high numbers of casualties and/or fatalities. 
 Urban tunnelling projects often have high political relevance. Politicians, financiers 
and the public all demand for a certainty of the budget in terms of cost and duration. 
 Public opinion of the project is hugely important because, the project is virtually in 
everybody’s backyard. Hence, the public should be kept informed and offered the 
possibility to voice its opinion and give input to the project. (Guglielmetti, 2008) 
Additional precautions must be taken when tunnelling near or underneath ancient buildings. 
One must take into consideration their historical significance and their vulnerability to ground 
subsidence. Whereas modern buildings tend to be made of reinforced concrete, which offers 
greater strength and a degree of tensile strength, ancient buildings are usually made of 
traditional construction techniques such as bricks and mortar. Ancient buildings also tend to 
have shallower foundations than modern buildings, which make them more susceptible to 
damage due to settlement. These precautions and considerations will be discussed further in 
chapter 3.3. 
2.2 Tunnelling techniques 
The three most common tunnelling techniques used within trafficked urban areas are the New 
Austrian Tunnel Method, the Cut and Cover method and Tunnel Boring Machines. The type 
of tunnel considered is usually a combination of various factors, such as price, shape and size 
of the tunnel, infrastructure, location, geology, length and diameter of the tunnel, 
groundwater conditions, depth and final use of the tunnel.  
2.3 New Austrian Tunnel Method 
The New Austrian Tunnel Method (NATM) is a tunnelling technique pioneered in Austria 
between 1957 and 1965 by Ladislaus von Rabcewicz, Leopold Müller and Franz Pacher. The 
NATM was pioneered for tunnels constructed in the Alps in rocks subject to high in-situ 
stress conditions. However, the principles of NATM are also applied to modern day 
tunnelling in soft ground. 
2.3.1 Principles 
The principles of NATM are summarised by Fowell and Karakuş (2004) as:  
i. The inherent strength  of the soil or rock around the tunnel domain should be 
preserved and deliberately mobilised to the maximum extent possible  
ii. The mobilisation can be achieved by controlled deformation of the ground. 
Excessive deformation which will result in loss of strength or high surface 
settlements must be avoided  
iii. Initial and primary support systems consisting of systematic rock bolting or 
anchoring and thin semi-flexible sprayed concrete lining are used to achieve the 
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particular purposes given in (ii). Permanent support works are usually carried out 
at a later stage.  
iv. The closure of the ring should be adjusted with an appropriate timing that can vary 
dependent on the soil or rock conditions.  
v. Laboratory tests and monitoring of the deformation of supports and ground should 
be carried out.  
vi. Those who are involved in the execution, design and supervising  of NATM 
construction must understand and accept the NATM approach and react co-
operatively on resolving any problems  
vii. The length of the unsupported span should be left as short as possible 
A thin shotcrete protection is applied immediately behind the Tunnel Boring Machine in 
order to minimise the rock’s deformation. The thickness of this lining is minimised through 
prior computation of the optimal tunnel cross-section. The stress distribution within the rock 
must be continuously monitored in order to avoid collapse of the tunnel. This is achieved by 
installing geotechnical instruments that measure the deformation of the excavation. 
Additional strengthening should be provided by mesh reinforcement, tunnel ribs and anchors 
rather than thickening the lining. This monitoring makes the method very flexible, even at 
surprising changes of the geomechanical rock consistency during the tunnelling work.  
2.3.2 Advantages and disadvantages 
On one hand, the NATM eliminates the need for expensive TBM equipment. The NATM is 
also suitable for a wide range of tunnels and geometries (non-circular tunnels, shafts, 
junctions and tunnels with variable shapes). However, it is less suitable in soft ground, which 
can subside when excavated, and in highly permeable soils below the water table. 
NATM was the method utilised that led to the collapse of a tunnel being excavated to extend 
Line 5 of the Barcelona Metro on the 27
th
 of January 2005. The collapse left 1,000 residents 
of the working class neighbourhood of El Carmel homeless and 15,000 more affected. This 
collapse highlighted the need for thorough geological studies and continuous monitoring 
before and during the construction of a NATM tunnel. (Carmel Tunnel Collapse 2011) 
2.3.3 Application 
NATM was initially applied to Alpine tunnels in hard rock. More recently, as tunnel boring 
techniques become more and more sophisticated, it has been successfully applied to tunnel 
projects in soft soil and water bearing strata. However, there have been a number of NATM 
tunnel collapses that have led to human deaths or injuries.  
A problem with NATM is that it cannot be used in situations where ground deformation is 
impermissible, because it inherently relies on allowing the ground to deform under controlled 
conditions. Nevertheless, it is currently one of the most commonly used techniques of boring 
tunnels in soft soil. 
2.4 The cut-and-cover method 
The cut-and-cover method is one of the simplest and most common methods of tunnel 
construction. A trench is excavated and roofed over with a support system with sufficient 
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strength to support the load that is to be built above the tunnel. This method is especially 
suitable for constructing shallow tunnels, tunnel mouths and large underground metro 
stations. 
2.4.1 Principles 
During the cut-and-cover technique, a deep trench is cut into the ground. The trench is 
stabilised by driving piles into either side reinforced by horizontal trusses and beams that 
allow a temporary or permanent roadway to rest upon them. 
Two basic forms of cut and cover are available; the bottom up method, otherwise known as 
cut-and-cover; and the top-down method, also known as the cover-and-cut method.  
In the bottom-up method, a deep excavation is made and the tunnel is constructed within it. 
The tunnel may be of precast concrete, in-situ concrete, precast arches or corrugated steel 
arches. The excavation is then carefully refilled with soil and resurfaced. 
In the top-down method, a shallow excavation is made. Here side support walls are 
constructed by slurry walling or continuous bored piling. A shallow excavation is made 
which allows construction of the tunnel roof of either precast or in-situ concrete after which 
the surface is restored. This allows early reinstatement of roadways, services and other 
surface features. Excavation then proceeds under the permanent tunnel roof, and the base slab 
is constructed. 
 
Figure 1: Construction stages for top-down method (Mouratidis, 2008)  
2.4.2 Advantages and disadvantages 
This method is usually safer and more straightforward than using a TBM or the NATM. In 
urban environments, cut-and-cover tunnels usually follow city streets as a guideline, which 
causes the complete, but temporary, destruction of existing roads. This facilitates constructing 
the route of the tunnel and reduces the risk of damaging foundations or other existing 
structures. The disturbance can be minimised by using the top-down approach.  
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However, the cut-and-cover technique is not suitable for very deep excavations, or where the 
surface above the tunnel must remain intact. In such cases, NATM or TMB techniques 
usually prove more effective.  
2.4.3 Application 
Cut-and-cover methods are usually used when the tunnel to be constructed is relatively 
shallow. Initially meant for subway tunnelling, the cut-and-cover method has been lately 
adopted in motorway projects to deal with small-depth road tunnels and local environmental 
constraints. 
According to Mouratidis (2008), in rural environments where tunnels may be constructed 
with the sole aim of minimising disruption to nature or wildlife, the cut-and-cover technique 
can be invaluable due to its low cost and simplicity. In urban trafficked areas, the top-down 
technique may prove even more effective since it only requires a shallow cutting before 
constructing the covering shell, which allows traffic to resume very quickly.    
2.5 Machines 
Tunnel boring machines exist for boring through a variety of different ground conditions, 
such as intact rock, fractured rock, weathered rock, soft soils and sand. In intact rock, a Main-
Beam TBM may be employed, in fractured rock a Single or Double Shield TBM, and in soft 
soils or weathered rock, an Earth Pressure Balance TBM is generally used. TBMs generally 
provide the fastest and safest tunnelling method, although their high upfront cost usually 
makes them unsuitable for shorter projects. 
2.5.1 Earth pressure balance 
Earth pressure balance machines are used when the ground material is soft and the tunnel 
face is likely to collapse. It is also used in urban environments where surface deformations 
are impermissible. Unlike the main beam TBM, the earth pressure balance machine moves 
forward while placing prefabricated concrete tunnel lining segments behind it. Additionally, 
it has a mixing chamber that allows the excavated soil to be held at ground pressure to 
prevent collapse of the tunnel face.  
During the excavation process, ground material - or muck as it is sometimes called - moves 
through the cutter head to a mixing chamber. Inside the mixing chamber, the muck is 
pressurised and holds the tunnel face. The pressure differential between the chamber and the 
screw conveyer then draws the muck into the screw conveyor. The muck’s pressure is 
reduced from ground pressure to atmospheric pressure as it moves up the screw conveyor. An 
EPB machine can have one or two screws depending on the ground pressure, which is 
determined by the depth of the tunnel, the ground material and the water level. After passing 
through the screw conveyor, the muck can be transferred to an open belt conveyor and then 
removed from the tunnel by conveyor system. A TBM operator can control the pressure in 
the chamber by changing the speed of drilling and of the conveyor screw. To increase 
pressure in the chamber, he can lower the speed of the screw conveyor or increase the 
machine’s rate of advance, or vice versa to decrease pressure.  
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As the cutter head turns, the cutting tools make contact with the material to be excavated, 
known as the face. Depending on the ground conditions, additives can be injected into the 
face through multiple points on the cutter head. With additives, the face of the tunnel is more 
stable and is less likely to collapse during excavation. The additive may consist of foam, 
polymer or bentonite. (Robbins TBM, 2011) 
 
Figure 3: Detail of an EPBM (Microtunel, 2011) 
2.5.2 Advantages and disadvantages 
TBMs offer a continuous and controlled means of tunnelling, capable of high rates of 
advance under favourable conditions. Although each separate TBM is only suitable for a 
narrow range of conditions, different TBMs exist for each type of soil including sand, clay, 
slurry and hard rock.  
The major disadvantage is the upfront capital cost. TBMs are expensive to construct, difficult 
to transport, call for considerable backup systems and power and do not share NATM’s 
capacity to make variable or irregular shaped tunnels. 
2.5.3 Application 
Their applicability is limited to long tunnels where the high rates of advance and tunnel 
quality can offset their high upfront cost. They are also useful in urban tunnelling projects, 
where surface subsidence must be avoided at all costs. 
Hard rock TBMs excavate rock using disc cutters mounted in the cutter head. The disc cutters 
create compressive stress fractures in the rock, causing it to chip away from the rock in front 
of the machine. In fractured rock, a shielded hard rock TBM is able to install prefabricated 
concrete to support unstable tunnel walls behind the machine. A main-beam TBM is used for 
drilling through intact rock, which is supported by ring beams, rock bolts, shotcrete, steel 
straps and wire mesh.   
EPBMs allow soft, wet or unstable ground to be tunnelled with a speed and safety not 
previously possible. Ground settlement is limited and a smooth tunnel wall is achieved, 
which significantly reduces the cost of lining the tunnel, and makes it suitable to use in 
heavily urbanized areas. 
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3 EFFECTS OF URBANISATION 
In urban environments, it is important to reduce surface settlement in order to avoid damage 
to nearby pre-existing structures. These include metro lines, pre-existing deep foundations, 
roads and underground utilities. Underground utilities such as sewer pipes, electricity cables 
and gas pipes may have to be diverted or relocated. Pre-existing structures that cannot be 
redirected, such as metro lines, foundations and road tunnels, must be taken into account 
when planning the route of the tunnel.  
3.1 Burland et al. 
According to Burland et al. (1977), damage to buildings can be classified in three broad 
categories based on ease of repair: 
 Aesthetic: affects only the appearance of the property 
 Serviceability: cracking and distortion which impairs the weather tightness or other 
functions (e.g. sound insulation, fracturing of service pipes, jamming of doors and 
windows) 
 Stability: there is an unacceptable risk that some part of the structure will collapse 
unless preventative action is taken 
Categories 0, 1 and 2 represent aesthetic damage; categories 3 and 4 serviceability damage 
and 5, stability damage. Judgement and experience are important when classifying damage 
category. 
Table 1 shows the relation between Burland’s damage categories and the limiting tensile 
strain. 
Table 1: Burland et al. (1977) 
Scale or intensity 
of damage 
Description of typical damage 
Crack width 
(mm) 
Limiting Tensile 
Strain (%) 
0 -  depreciable Cracks less than 0.1 mm <0,1 
0,00 to 0,05 
 
1 - very light 
Cracks can be treated with 
redecoration. Some isolated cracks 
in brick walls. 
1 
0,05 to 0,075 
 
2 - light 
 
Easily refillable Cracks. 
Redecoration probably required. 
Several significant cracks in the 
interior. Cracks can be seen 
externally, requiring repainting. 
Doors and windows may have 
deformed frames. 
5 
0,075 to 0,15 
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3.2 Boscardin and Cording 
In 1989, Boscardin and Cording proposed a relation between the severity of crack damage 
and the maximum principal tensile strain developed in the structure, shown in table 2. 
Table 2: Boscardin and Cording (1989) 
Expected severity of 
damage 
Maximum principle strain 
(%) 
Negligible 0 – 0.05 
Slight 0.05 – 0.15 
Moderate 0.15 – 0.3 
Severe >0.3 
  
Boscardin and Cording synthesized this information into a diagram (Figure 2: Damage 
criteria according to Boscardin and Cording, 1989) which represents the level of possible 
damage (negligible, very slight, slight, moderate, severe) on a coordinate plane with the 
angular distortion on the abscissa axis and horizontal deformation in tension on the ordinate 
axis. 
3 -  moderate 
 
Cracks require masonry work.  Part 
of the brick facade may require 
replacement. Doors and windows 
are blocked. Drainpipes can break. 
Building loses resistance against 
the weather. 
5 to 15 
Or number of 
fissures > 3 
 
0,15 to 0,3 
 
4 -  severe 
 
Extensive repair and restoration 
necessary including demolition of 
walls especially over doors and 
windows. Window frames and 
doors are distorted. Floor is tilted 
significantly. Some beams sag and 
pipes are out of service 
15 a 25  
although 
depends on 
the number of 
cracks 
 
>0,3 
 
5 - very severe 
 
Major repairs or partial 
reconstruction of the building is 
required. Beams sag. Walls require 
bracing. Windows break due to 
distortion. Danger of instability. 
Usually>25 
although 
depends on 
the number of 
cracks 
- 
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Figure 2: Damage criteria according to Boscardin and Cording, 1989  
3.3 Ancient buildings 
As well as the constraints and conditions stated in chapter 2.1, tunnelling near or underneath 
ancient buildings has additional considerations to bear in mind: 
 Whereas modern buildings tend to be made of reinforced concrete, which offers 
greater strength and a degree of tensile strength, ancient buildings are usually made of 
traditional construction techniques such as bricks and mortar. 
 Ancient buildings also tend to have shallower foundations than modern buildings, 
which make them more susceptible to damage. 
 These factors conspire to make ancient buildings much more sensitive to ground 
subsidence than modern buildings. 
 Vibration effects on historic buildings due to moving trains. 
 Objects of potential architectural or important historical significance are often buried 
near ancient buildings. These must be recognised and dealt with.   
 Limited accessibility for doing necessary site investigations due to a lack of 
permission or occupation of the ground surface. 
 Due to their price and antiquity, any damage sustained by ancient buildings will incur 
large compensation sums.  
 Ancient buildings are very much in the public eye so any damage sustained will have 
huge effects on the public opinion of the project.  
For ancient buildings, the maximum permissible surface deformation is even more stringent 
than the criteria set out by Boscardin and Cording (1989). Surface deformation should be 
limited at all costs in order to avoid aesthetic or structural damage, especially when the 
building has significant cultural or historical significance.  
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4 MINIMISING SETTLEMENT USING LATERAL WALLS 
Various methods exist to reduce settlement and thereby minimise damage to buildings. These 
include pre-consolidating soil, soil grouting, the application of geo-textiles and various 
methods of compaction. The scope of this project is not wide enough to encompass a full 
overview of each of these methods. Instead, we will focus on the various aspects of 
constructing lateral walls. 
Lateral walls present a geotechnical solution for projects requiring an impermeable layer to 
stop groundwater flow, a high strength layer to reduce deformations or a combination of the 
two. Because of this combination, they have proven to be an economical alternative in many 
circumstances. They are often used in areas with dense and historic urban infrastructure, 
where a very rigid earth retention system is required, where noise and vibration must be 
limited, where the geology and groundwater exclude the use of other earth retention systems 
such as sheet piles, and/or where dewatering is not practical. 
 
4.1 Construction methodology  
Lateral walls are constructed using specially designed diggers to excavate trenches or piles 
filled with bentonite slurry. After an excavation is completed, a carefully constructed three-
dimensional reinforcing cage is inserted into the excavation. Concrete is injected using the 
Tremie method, in which the foot of the distribution pipe is kept below the concrete level, 
while the upper level of the concrete in the pipe is kept above the water level to prevent the 
water diluting the concrete. Concrete easily displaces bentonite when it is injected into the 
excavation, which permits the bonding process between reinforcement and set concrete to 
proceed. The method is repeated along the length of the wall to form each concrete panel or 
pile. 
 
Within congested urban environments, it may be difficult to find sufficient space to set up the 
slurry plant as well as additional space to assemble the reinforcing cages prior to placement 
in the wall. Hence, these may have to be located off-site.  
 
4.2 Pile boring machines 
4.2.1 Auger 
Augers are used in the construction of piles. An auger is a drilling device that has a rotating 
helical screw blade called a "flighting" which acts as a screw conveyor to remove drilled out 
material. The rotation of the screw causes the soil to be expelled as the hole is drilled. Augers 
are usually attached to drilling- or piling-rigs, otherwise known as pile drivers, in order to 
build deep foundation piles or piles for retaining walls. Two commonly used complex augers 
are the continuous flight auger and the VdW-system.  
A continuous flight augering drill is used when the excavation walls must remain supported 
at all times. While the auger is being extracted after excavating a hole, concrete is injected at 
high pressure through a hollow duct. This creates a continuous pile without ever leaving an 
open hole. 
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A VdW-system allows for the drill casing and auger to be drilled into the ground 
simultaneously by two rotary drives rotating in opposite directions. This system can be 
combined with a continuous flight auger so that the concrete is injected while extracting the 
drill. This method is usually used for secant pile walls but can also be used to install 
contiguous and tangential pile walls or single piles.  
4.2.2 Trench Cutter 
A trench cutter, also known as a hydraulic grab, is a type of construction equipment used to 
excavate the trenches used to construct slurry walls. A cable hanging from an excavator 
suspends the grab. The grab is lowered into the trench and, stabilised by the guide walls, 
proceeds to excavate the slurry-wall. 
4.2.3 Vibro-hammer 
The vibro-hammer is a piece of heavy equipment used in the construction of piles. Its role is 
to insert the casing that guides the auger drill into the ground, and to extract it after the pile 
has been drilled.  
4.2.4 Guide wall 
The guide walls are constructed on the ground surface to outline the desired excavation of the 
slurry wall or piled wall. Guide walls are used to ensure alignment of screen piles, guide 
drilling tools, avoid collapse of the trench excavation area and provide support for the steel 
reinforcement until the concrete hardens. Although guide walls are not always necessary, 
they are an essential element whenever a high degree of accuracy is required.   
4.2.5 Bentonite 
Bentonite is a type of clay, made mostly of montorillonite, which plays an important role in 
the drilling of piles. At concentrations above approximately 60 grams of bentonite per litre, 
suspensions begin to take on the characteristics of a solid. However, when their yield strength 
is exceeded by shaking or agitation the bentonite solution acts as a fluid. This property is 
known as thixotrophy and is the reason for bentonite’s widespread use in the drilling and 
geotechnical engineering industry. Using bentonite as a drilling fluid has the following 
advantages: 
 Bentonite supports the excavation by exerting hydrostatic pressure on the wall. 
 Bentonite’s low permeability provides an impermeable membrane almost instantly 
preventing water from seeping in or out of the excavation. 
 Sludgy layers are prevented from building up at the excavated base. 
 Concrete easily displaces bentonite when it is injected into the excavation. Therefore, 
the bonding process between reinforcement and set concrete is not affected. 
4.2.6 Koden machine 
After the drilling is completed, the geometry of the shaft is assessed using an ultrasound 
system named KODEN. This system consists of a metal structure that protects a winch 
suspending an ultrasonic transmitter and receiver probe. The Koden uses the continuous 
transmission of signals from the probe to the walls and receiving echo signals to calculate the 
actual distance between the probe and walls along the entire depth of the pile. 
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4.3 Types of diaphragm walls 
When choosing the type, diameter, length and reinforcement of a diaphragm wall one needs 
to consider the height of the soil to be retained, groundwater conditions, lateral forces and 
bending moments acting on the wall. Each type of wall has its own construction method and 
is suited to a particular set of conditions and requirements.  
4.3.1 Reinforced concrete diaphragm walls 
Reinforced concrete diaphragm walls are often used where a very rigid earth retention system 
or low permeability barrier in order to stop groundwater flow is required. They are also used 
for the cut-and-cover method of constructing tunnels, in which the area between two 
diaphragm walls is excavated underneath a roof-slab. They are constructed by excavating a 
trench, which is temporarily filled with bentonite slurry. Steel reinforcement is lowered into 
the trench, followed by concrete, which displaces the bentonite. 
First, a guide wall is constructed along the borders of the to-be-constructed trench. This guide 
wall provides guidance for the hydraulic grab, and protects the edge of the trench. 
A hydraulic grab proceeds to dig a trench several meters long, with the necessary breadth and 
depth. Diaphragm walls are constructed in discontinuous sections, or panels. Panels are 
usually 2 to 6 meters long, with widths varying from 0.5 to 2 meters. Stop-end pipes are 
placed vertically at each end of the panel to form a groove in order to achieve a successful 
bond between successive panels. During excavation, a mixture of bentonite is injected into 
the trench, with the purpose of preventing collapse. 
A steel reinforcement cage is placed in the trench. The reinforcement provides strength for 
resisting the tensile forces exerted by the ground 
Finally, concrete is poured into the trench, displacing the bentonite, while ensuring that it 
reaches all parts of the trench and no air bubbles are formed. During concreting, the bentonite 
is removed and purified for re-use. 
This process is repeated along the length of the wall.  
 
Figure 3: Construction of reinforced concrete diaphragm wall (Land Transport Authority, 2011) 
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4.3.2 Contiguous pile walls 
Piles are drilled by conventional continuous flight auger or rotary auger bored pile 
techniques. The construction sequence is summarised as follows (LTA, 2001): 
 Wooden or steel pegs are used to mark out the centre position of each bored pile 
(typically between 100 to 200 millimetres). 
 The vibro-hammer drives a casing into the ground, leaving about 1 metre length of the 
casing protruding. 
 The auger cuts and removes the soil within the casing to form a borehole. The casing 
supports the soil surrounding the borehole. If the casing is not long enough to reach 
the required depth, bentonite slurry is used to support the soil below the casing. 
 The crane lifts up the steel rebar cage and places it within the borehole. 
 Concrete is poured into the borehole to form the bored pile 
 The vibro-hammer extracts the casing from the ground. 
 The previous steps are repeated until the entire length of the contiguous bored pile 
wall construction is complete. 
 
Figure 4: Construction of contiguous bored pile wall (Land Transport Authority, 2011) 
A variation of the contiguous bored pile wall is the piled wall. In this variation, the piles do 
not touch. Instead, a space is left between successive piles. This facilitates the construction 
process and does not inhibit groundwater flow.  
4.3.3 Secant pile walls 
Secant pile walls are often used in the construction of underground car parks. Although they 
reduce the need for pumping during excavation, they are not able to stop groundwater flow 
completely because they are somewhat permeable. The construction of temporary guide walls 
is required to ensure that adjacent piles overlap over the depth of the excavation. 
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Figure 5: Construction of secant pile wall (Land Transport Authority, 2011) 
 
4.4 Design methodologies 
The design analyses for lateral walls can range from relatively simple empirical analyses to 
more complex computer analyses, where usually all phases of the excavation sequence are 
evaluated. The design considerations should include not only the stresses and loads on the 
lateral wall, but also the effect of the construction process on movements of adjacent 
structures.   
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5 USE OF FEM IN TUNNEL DESIGN 
A wide variety of finite element programs exists for solving geotechnical problems. Some are 
suited to solving very specific problems such as foundations or slope stability, while others 
are more generalised. One of the more general and most commonly used programmes is 
Plaxis, a family of programmes designed to solve a range of geotechnical problems, including 
dynamic loads such as earthquakes, saturated and unsaturated groundwater flow problems, 
three-dimensional analysis of deformation and stability in tunnel projects and three-
dimensional deformation analysis of foundation structures.  
This investigation will be made using the 2D version of Plaxis 9.0. This programme is 
described by the user manual as a finite element package intended for the two dimensional 
analysis of deformation and stability in geotechnical engineering. Plaxis incorporates 
advanced constitutive models for the simulation of the nonlinear, time dependent and 
anisotropic behaviour of soils and/or rock. It also incorporates special procedures required to 
deal with hydrostatic and non-hydrostatic pore pressures in the soil. Plaxis is able to model 
interactions between structures and the soil. 
5.1 Material models 
Plaxis disposes of a variety of material models to model soil behaviour including Mohr-
Coulomb, Jointed Rock, Hardening Soil, Hardening Soil with small-strain stiffness, Soft Soil 
Creep, Soft Soil and Modified Cam-Clay. While the Mohr-Coulomb model is more suited to 
an initial quick analysis, it is recommendable to carry out a subsequent detailed and accurate 
analysis, using one of the more advanced models. The drawback of this is that a lot more soil 
parameter data is required to carry out the additional analyses, driving up the cost of the 
investigation.      
5.1.1 Mohr Coulomb 
Plaxis’ Mohr-Coulomb model simplifies soil behaviour as an elastic perfectly plastic 
material. In general, stress states at failure are quite well described using effective strength 
parameters φ’ and c’. However, the Plaxis Mohr-Coulomb model does not deal well with soil 
unloading which makes it unsuitable for our tunnel analysis. When the soil inside a lined 
tunnel is excavated, stresses below are reduced. This causes the tunnel and the surface above 
to rise. This is not observed in practice due to soil being much stiffer in unloading than 
loading. However, in an elastic perfectly plastic model - which is the basic model behind the 
Mohr-Coulomb model - soil has the same stiffness in loading as unloading. 
 
Figure 6: Basic idea of an elastic perfectly plastic model 
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5.1.2 Soil Hardening Model 
Plaxis Mohr Coulomb model is insufficient to model the unloading stresses associated with 
tunnel construction. According to the Plaxis website, the Mohr Coulomb model describes 
limiting states of stress by means of the Young’s modulus E, the Poisson’s ratio nu (ν), the 
friction angle phi (φ), the cohesion c and the dilatancy angle psi (ψ).  
Soil stiffness is described much more accurately by using three different input stiffnesses: the 
triaxial stiffness E50, the triaxial unloading stiffness Eur and the oedometer loading stiffness 
Eoed. In many practical cases, it is appropriate to set Eur equal to three times E50. This is the 
default setting used in Plaxis. 
Practical cases show that the Soil Hardening model is much more accurate than the Mohr 
Coulomb model in examples where soil unloading behaviour is very important. 
 
Figure 7: Hyperbolic stress-strain relation in primary loading for a standard drained triaxial test 
5.1.2.1 SHM and small deformations 
A further refinement is to use the soil hardening and small deformations model. This is more 
applicable to the small deformations that are seen when tunnelling.  
 
Figure 8: Characteristic stiffness-strain behaviour of soil with typical strain ranges for laboratory tests and 
structures (after Atkinson and Sallfors, 1991) 
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6 CASE STUDY: THE AVE TUNNEL 
The Linea de Alta Velocidad Española (AVE) is a network of high-speed train lines in Spain 
with trains that run at speeds of up to 300km/h. The AVE, which was originally built to 
stimulate the stagnant Spanish economy by improving the links between Madrid, Barcelona 
and the rest of Spain, is the most extensive high-speed train network in Europe and second in 
the world after China. 
As part of the efforts to integrate the AVE with the rest of the European high-speed train 
network, a new stretch was to be built between Barcelona and Gerona and later to Perpignan 
across the French border. In order to link the Tarragona-Barcelona stretch to the south of 
Barcelona and Barcelona-Gerona stretch to the north, a stretch of tunnel is being built 
through the city centre between Sants Station and the currently under-construction Sagrera 
Station. 
This stretch will be bored by the TBM Barcino, which has begun excavating from the 
entrance shaft, at the junction of Carrer de Mallorca and Carrer de Biscaia, and will now 
cover the 5.1 kilometres to the exit shaft, between Carrer de Provença and Carrer d' Entença. 
Barcino is an earth pressure balance machine (EPBM) that measures 105 metres long, 11.5m 
wide and weighs 2.3 tonnes. 
 
Figure 4: Photo of Barcino's cutter head (ADIF, 2011) 
6.1 La Sagrada Familia 
The Basílica i Temple Expiatori de la Sagrada Família, more commonly known as La 
Sagrada Familia, is a cathedral built by the famous Catalan architect, Antoni Gaudí. 
Unfortunately, it lies right in the path of the AVE tunnel. It is widely considered Gaudí’s 
magnum opus and is seen as a culmination of his naturalistic style. Because Gaudí was one 
the most important architects of Catalan Modernism, the church has become a symbol of the 
movement. Like many of his works, it has become a UNESCO world heritage site. 
Today, The Sagrada Familia is under possible threat from the construction of the 
underground high-speed train line, a few meters from its foundations. The tunnel will run 
underneath the Carrer Mallorca. This street runs parallel to the yet-to-be constructed Façade 
de la Gloria, which Gaudi intended to be the most elaborate of the Sagrada Familia’s four 
façades.  
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Although some studies carried out by technicians, geologists and engineers from the Ministry 
of Public Works have attested that the project will not entail any risk to stability of the 
church, many residents of Barcelona fear for the safety of the church. In 2005 during 
construction of an underground tunnel in Barcelona, a partial collapse damaged several 
buildings in the neighbourhood of Carmel. It is feared the same could happen to La Sagrada 
Familia and Casa Milá, another of Gaudí’s famous works, which lies near the route of the 
AVE tunnel. 
 
Figure 9: La Casa Milá (Diliff, 2007) 
6.1.1 History 
In 1877 the architect Francisco de Paula Villar, was commissioned the design of the Sagrada 
Familia. Its design was a typical Gothic church. The first stone was laid in 1882. However, 
Villar abandoned the project in 1883 due to disagreements with the principal consulting 
architect Joan Martorell. Until then only the crypt was built. The project was awarded to the 
young architect, Antoni Gaudí, who modified the design entirely. Gaudí spent the last 43 
years of his life working on the construction of the church. The last 15 years of his life, he 
worked exclusively on the project. Reputedly, Gaudí always answered: “My client is not in a 
hurry” when people commented on the duration of construction. Knowing that the church 
could not be finished within his lifetime, Gaudí made many models of the church for use as a 
guide. However, most of them were destroyed in the Spanish Civil War. Current designs are 
based on modern reconstructions. Although construction speed has greatly increased since 
modern engineering techniques were introduced, the church is not expected to be completed 
until at least 2026. 
 
Figure 10: The Sagrada Familia in 2009 (Gagnon, 2009) 
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6.2 Route of the AVE line 
The Madrid-Zaragoza-Lleida stretch of the AVE line has been in service since 2003, and was 
later expanded to Tarragona in 2006 and Barcelona in 2008. The 621-kilometre standard 
gauge railway line between Madrid and Barcelona was inaugurated on 20
th
 February 2008 
and now provides transport between the two cities in under 3 hours, more than halving the 
previous journey time. 
 
Figure 11: Route of high-speed rail link between Barcelona and Madrid (Brio, 2008) 
It was deemed essential that the stretch of the AVE tunnel that runs through Barcelona 
connect the Sants and Sagrera train stations, the two principal stations in Barcelona. The 
course of the tunnel runs from Sants train station under the Carrer Provenca until it reaches 
Diagonal, one of the main streets in Barcelona. From Diagonal, it follows the Carrer 
Mallorca, where it comes within meters of the Sagrada Familia’s foundations, before 
continuing and finally reaching the Sagrera train station.  
 
Figure 12: Route of the AVE through Barcelona showing La Sagrada Familia (El Mundo, 2009) 
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6.3 Alternatives proposed 
Groups opposed to the current route, such as “SOS Sagrada Familia”, “Catalunya Acción” 
and “AVE pel Litoral”, have proposed various alternatives to the route along Provenca and 
Mallorca. In a 2009 newspaper article in The Vanguardia, José Vicente Costa claims “there 
are at least four far less problematic routes: along the coast, along la calle Aragón, along la 
calle Valencia which is a simple variant of the same route, and along el Vallés which seems, 
without a doubt, the most reasonable.” (Costa, 2009) 
6.3.1 Vallés (Valley) Route 
The Vallés Route would unite the Barcelona Airport Station (A), The Sants' Station (B), the 
Barcelona Harbour Station (C) and the future Sagrera Station (D) by means of the valley 
route to the North of Barcelona (proposed by SOS Sagrada Familia, 2011). 
 
 
Figure 13: Vallés Route (SOS Sagrada Familia, 2011) 
 
6.3.2 Aragó Street 
The subway line would go under Avenue Roma - Carrer Aragó - Sagrera Station. This route 
is sufficiently wide as not to affect homes and avoids Casa Milá (A) and The Sagrada Familia 
(B) (proposed by Catalunya Accio, 2011) 
 
Figure 14: Aragó Street Route (Catalunya Accio, 2011) 
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6.3.3 Littoral (Coastline) Route 
Make the train go by Littoral, where it will not affect housing and where the abandoned 
railway infrastructure actually already exists, as well as connecting Barcelona Airport Station 
(1), The Sants Station (2), the currently underused Franca Station (3), and the future Sagrera 
Station (4) (proposed by AVE pel Litoral, 2011). 
 
Figure 15: Littoral Route (AVE pel Litoral, 2011) 
6.4 Geometry 
The tunnel has a 10,40m diameter with a 35cm tunnel lining. The depth from the Carrer 
Mallorca street level to the crest of the tunnel lining is 25,716m. A pile wall is to be 
constructed at a distance of 8m from the axis of the tunnel.      
 
Figure 16: Situation of the tunnel and pile screen with respect to The Sagrada Familia (Ministerio de Fomento, 2006) 
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6.5 Geology 
 
Figure 17: Lithological profile along Carrer Mallorca (ADIF, 2009) 
 
Figure 18: Lithological profile perpendicular to Carrer Mallorca (ADIF, 2009) 
The geology around the Sagrada Familia consists of a stratum of Pliocene material (mostly 
clayey sands) overlain by Quaternary sands and clays with a transition at around 23m above 
sea level. Approximately the top meter of soil consists of fill and altered terrain. The ground 
surface is at 32m and the phreatic level is at 15m above sea level.  
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6.6 Precautions 
The precautions taken to protect the Sagrada Familia consist of a screen of piles of 1.5m in 
diameter, each separated by 2 meters and 41 meters deep, a concrete block next to the screen 
of 3 by 3 meters and the improvement of an 8 by 8 meter block of soil through consolidation 
grouting. 
 
Figure 19: Detail under Carrer Mallorca 
 
 
Figure 20: Cross-section of diaphragm wall 
6.6.1 Lateral wall 
The lateral wall is a 230m long pile wall, along the side of the tunnel closest to the Sagrada 
Familia. This wall is made up of 104 concrete piles with a diameter of 1,5m and a depth of 
42m, connected by concrete blocks with a cross-section of 3x3m. A screen piled wall was 
chosen, rather than a diaphragm wall or secant piled wall for two reasons. Primarily, it is 
easier to drill piles to 41m depth than it is to excavate a 41m deep diaphragm wall. Secondly, 
a diaphragm wall significantly impedes groundwater flow, which would increase the water 
table on the side of the wall towards the mountain, namely underneath the Sagrada Familia, 
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which could lead to stability problems. Fortunately, a piled wall does not significantly 
impede groundwater flow.  
Given the high degree of accuracy required, a guide wall is constructed to ensure alignment 
of screen piles, guide drilling tools, avoid collapse of the trench excavation area and provide 
support for the steel reinforcement until the concrete hardens. It is considered safe enough 
that the excavation of a new pile occur at a distance of 8 meters between axes, which means 
that you always leave at least three intermediate piles unexcavated, or in which the concrete 
is hardened having spent at least 48 hours after concreting. 
 
 
Figure 21: Plan of terrain treatment along Carrer de Mallorca adapted from (ADIF, 2009) 
 
Figure 22: Detail of piled wall (ADIF, 2009) 
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6.6.2 Continuous monitoring 
Buildings in the path of the tunnel are continuously monitored for displacements. The 
monitoring system uses precise observations of more than 2,800 prism targets attached to 
buildings and structures along the tunnel’s route. The prisms are monitored by a network of 
31 Trimble S8 Total Stations located on buildings and pillars in or near the tunnel 
construction zone. Inside the church, teams installed 4 Trimble S8 Total Stations and 149 
prism targets. The prisms are placed in strategic locations among the interior facades, walls 
and pillars where motion might occur. The total stations continuously communicate 
information to the control centre through 3G and Wi-Fi mobile networks. If deformations 
exceed acceptable limits, the system automatically communicates this information by SMS 
and e-mail to key project personnel. (CENews.com, 2011) 
 
Figure 23: A Trimble S8 monitors the area near Sagrada Familia (CENews.com, 2011)  
6.7 FEM Analysis 
What follows is a finite element analysis of the tunnel, the Sagrada Familia and the measures 
taken to protect it. Five cases are analysed investigating various solutions. The tunnel is 
assumed to have volume loss coefficient of 0,8%, which could be considered a conservative 
overestimate, as much lower numbers are often achieved in practice. Finally, the question is 
asked whether the protective wall is unnecessary if the TBM achieves a lower volume loss 
coefficient.  
The fineness of the mesh and the number of nodes and elements made the model difficult to 
run on a normal computer. Due to the demanding computational requirements, the analysis 
was carried out on one of the high processor power computers in the UPC soil mechanics 
department.  
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6.7.1 Geometry 
 
Figure 24: Plaxis model geometry 
Figure 25 shows the Plaxis model, showing the uniformly distributed loads representing the 
buildings, the excavated tunnel, the altered terrain, the concrete block, the piled wall and the 
finite element mesh.  
A very fine mesh was used, with extra refinement around the wall, the Sagrada Familia, the 
concrete block, the consolidated soil and inside the tunnel cluster to improve the accuracy of 
the calculations.  
The Sagrada Familia was modelled to the left of the wall. Blueprints (figure 17) show that the 
Sagrada Familia’s foundations reach 16,89m below the ground surface. Therefore, it was 
modelled as a uniformly distributed load of 250kPa, 17m below the ground surface.  
The building on the right is modelled as a 90Kpa (10kN/m
2
 per floor) uniformly distributed 
load 2m below the ground surface.  
The zone of land to be consolidated was modelled as an 8 by 8 meter square cluster while the 
concrete block was modelled as an overlaying 3 by 3 meter square cluster. The tie beam and 
connecting slab were disregarded.  
The piled wall was modelled as a vertical plate extending 41m below the ground surface. In 
order to prevent unrealistic stress calculations, the corresponding soil interface was extended 
1m below the end of the wall as recommended by the Plaxis tutorial manual. 
The phreatic level was modelled 15m below the ground surface.  
6.7.2 Material data sets for soils 
The soil quotas were interpreted from a geotechnical survey undertaken by Endemac, as part 
of the AVE tunnel works on behalf of the tunnel constructor, ADIF. The quotas from the 
probe which coincided with the position of the wall (probe S-I) were extended horizontally 
across the entire Plaxis model.  
The material data sets for each soil stratum were obtained from a previous study into the 
geology around the Sagrada Familia and can be found below (de Santos, 2010). All soils 
make use of the Soil Hardening with small deformations model. 
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Name Type γunsat γsat kx ky E50
ref 
Eoed
ref 
Eur
ref 
cref φ ψ 
  [kN/m3] [kN/m3] [m/day] [m/day] [kN/m2] [kN/m2] [kN/m2] [kN/m2] [°] [°] 
Gravels and grit Drained 20,0 20,0 0,4980 0,4980 27.000,0 15.000,0 81.000,0 0,0 35,0 0,0 
Fill and altered terrain Drained 19,0 19,0 8,6400 8,6400 6.200,0 4.323,7 18.000,0 20,0 28,0 0,0 
Reddish brown clays Drained 19,3 19,3 0,0538 0,0538 30.000,0 24.000,0 90.000,0 50,0 28,0 0,0 
Greenish brown 
loamy clays 
Drained 20,6 20,6 5,9100 5,9100 60.000,0 36.000,0 1,8E5 60,0 28,0 0,0 
Tertiary sands Drained 21,1 21,1 0,0478 0,0478 60.000,0 36.000,0 1,8E5 2,0 32,0 0,0 
Table 3: Soil data sets 
6.7.3 Material data set for walls 
The wall was modelled as a linear elastic material. Plaxis requires the axial stiffness, the 
flexural rigidity, the Poisson’s ratio and the weight of the wall to be defined. All calculations 
are per unit depth of wall, unless otherwise stated. 
6.7.3.1 Flexural rigidity 
The moment of inertia of a circle is given by the formula: 
  
   
 
 
         
 
         
Plaxis calculates the second moment of area per unit depth of a wall. Each pile is separated 
by 2m from its neighbours. Therefore, for each meter depth of the wall, we must consider 
half a pile: 
    
 
 
 
       
 
         
                                        
6.7.3.2 Axial stiffness 
The area of a circle is given by  
                      
As before, we must consider half a pile per meter depth of wall: 
    
 
 
 
       
 
         
                                   
 
 
Name ψur Pref Power K0
nc 
cincr yref γ0.7 G0 Rf T-strength Rinter δ-inter 
 [-] [kN/m2] [-] [-] [kN/m3] [m]  [kN/m2] [-] [kN/m2] [-] [-] 
Gravels and grit 0,20 100 0,500 0,317 0,0 0,0 0,000 80.000,0 0,9 0,0 0,66 0,000 
Fill and altered terrain 0,20 100 0,500 0,409 0,0 0,0 0,000 16.000,0 0,9 0,0 0,66 0,000 
Reddish brown clays 0,20 100 0,500 0,440 0,0 0,0 0,000 85.000,0 0,9 0,0 0,66 0,000 
Greenish brown 
loamy clays 
0,20 100 0,500 0,440 0,0 0,0 0,000 1,7E5 0,9 0,0 0,66 0,000 
Tertiary sands 0,20 100 0,500 0,470 0,0 0,0 0,000 1,7E5 0,9 0,0 0,66 0,000 
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6.7.3.3 Equivalent plate thickness 
From these two parameters an equivalent plate thickness deq is calculated from the formula 
       
  
  
    
            
          
         
6.7.3.4 Poisson’s ratio 
The Poisson’s ratio, ν, for concrete is given as: 
      
6.7.3.5 Weight 
In the FEM model, the wall is superimposed and therefore “overlaps” the soil. In order to 
accurately calculate the imposed load of the wall, w, we subtract the unit weight of soil from 
the unit weight of concrete multiplied by the equivalent thickness of the wall. 
                  
                              
6.7.4 Material data set for tunnel lining 
The procedure for modelling the tunnel lining is similar to that for the piled wall. As before, 
Plaxis requires the axial stiffness, the flexural rigidity, the Poisson’s ratio and the weight of 
the tunnel lining. All calculations are per unit depth, unless otherwise stated. In addition, the 
tunnel lining is taken as 0,35m thick. 
6.7.4.1 Flexural rigidity 
The moment of inertia of a rectangle is given by the formula. 
  
   
  
 
       
  
              
From this, we calculate the flexural rigidity by multiplying by the Young’s modulus. 
                                             
6.7.4.2 Axial stiffness 
The area of a rectangle is given by  
                     
Thus, we calculate the axial stiffness by multiplying the Young’s modulus of precast concrete with 
the area. The Young’s modulus of precast concrete is assumed higher than that of in-situ concrete, to 
reflect the superior manufacturing methods. 
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6.7.4.3 Equivalent plate thickness 
From these two parameters an equivalent plate thickness deq is calculated from the formula 
       
  
  
    
              
           
        
6.7.4.4 Poisson’s ratio 
The Poisson’s ratio, ν, for concrete is given as: 
      
6.7.4.5 Weight 
In order to accurately reflect that the soil inside the tunnel is excavated before imposing the 
load, we do not subtract the unit weight of soil from the unit weight of concrete this time. 
Instead, we simply multiply the unit weight of concrete with the thickness of the lining. 
            
                   
6.7.5 Material data set for concrete 
The concrete block was modelled as a 3 by 3 linear-elastic, non-porous material with the 
following parameters: 
             
  
             
6.7.6 Construction phases 
The tunnel construction was modelled as three consecutive phases. Phase 2 was varied as 
required for each case, while Phase 1 and 3 were identical for each case.   
Phase 1: Consolidation of the loads of the Sagrada Familia and the building 
Sagrada Familia load = 250kN/m2/m load. 
Building load = 90kN/m2/m (10kN/m2/m2 per floor). 
Phase 2: Implementation of the piled wall, concrete block and/or consolidated land 
Prior to the implementation of the piled wall, the deformations were reset to zero. The 
elements were then activated or deactivated as required per each case. 
Phase 3: Construction of the tunnel with a volume loss of 0,8% 
The deformations due to the piled wall construction were not reset to zero prior to the 
tunnel construction. Plaxis does not model the horizontal deformations due to the 
inwards movement of the walls that support the excavation. Plaxis does however 
calculate a vertical deformation due to the weight of the wall. It was deemed 
sufficient to let the vertical deformations represent both the vertical and horizontal 
deformations. 
To simulate the tunnel construction the clusters inside the tunnel were removed and 
the pore pressure inside the tunnel set to “cluster dry”. 
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6.7.7 Cases analysed 
Five cases were analysed and compared: No wall; a Wall with no concrete block and no 
consolidated soil; a Wall with no concrete block but with consolidated soil; a Wall with a 
concrete block but no consolidated soil; and finally, a wall with a concrete block and 
consolidated soil, which was the adopted solution.  
The cases are summarised in the table below. 
Table 4: Cases analysed 
Case Wall Concrete block Consolidated soil 
1 No No No 
2 Yes No No 
3 Yes No Yes 
4 Yes Yes No 
5 Yes Yes Yes 
6.8 Results 
The following deformation profiles were obtained. The results focus on the Sagrada Familia, 
choosing to overlook the building on the right. 
6.8.1 Total deformation profiles 
The following total deformation profiles were obtained. The same scale, running from 0mm 
to 40mm in intervals of 2mm, was used for each case. 
The total deformation profiles show that the piled wall does indeed reduce settlements a great 
deal by concentrating deformations on the right side of the wall. However, comparisons 
between cases 2, 3, 4 and 5 show that the concrete block and the consolidated soil offer only 
a small degree of additional protection against settlement. 
6.8.1.1 Case 1:  
No wall, no concrete block, no consolidated soil 
 
6.8.1.2 Case 2:  
Wall, no concrete block, no consolidated soil  
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6.8.1.3 Case 3  
Wall, no concrete block, consolidated soil  
 
 
6.8.1.4 Case 4  
Wall, concrete block, no consolidated soil  
 
 
6.8.1.5 Case 5  
Wall, concrete block, consolidated soil  
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6.8.2 Vertical deformation profiles 
The following vertical deformation (Uy) profiles were obtained for a cross-section coinciding 
with the foundations of the Sagrada Familia. The scale was set at 500:1 for each case.  
The profiles show that the wall reduces the maximum vertical deformation by 41%. 
However, the concrete block and/or consolidated soil offer little to no reduction in maximum 
vertical deformation.  
 
 
 
6.8.2.1 Case 1:  
No wall, no concrete block, no consolidated soil 
 
Extreme Uy = -29*10
-3
m = -29mm 
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6.8.2.2 Case 2:  
Wall, no concrete block, no consolidated soil  
 
Extreme Uy = -16,99*10
-3
m =-17mm 
6.8.2.3 Case 3  
Wall, no concrete block, consolidated soil  
 
Extreme Uy = -18,41*10
-3
m=-18mm 
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6.8.2.4 Case 4  
Wall, concrete block, no consolidated soil  
 
Extreme Uy = -17,34*10
-3
m=-17mm 
6.8.2.5 Case 5  
Wall, concrete block, consolidated soil  
 
Extreme Uy= -17,96*10
-3
m=-18mm 
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6.8.3 Horizontal deformation profiles 
The following horizontal deformation (Ux) profiles were obtained for a cross-section 
coinciding with the foundations of the Sagrada Familia. The scale was set at 5000:1 for each 
case. 
The maximum horizontal deformation is the same in all five cases. In Case 1 with no wall, 
the maximum horizontal deformation occurs at the end of the Sagrada Familia closest to the 
wall and tunnel, that is to say, the Glory Façade. However, in the other four cases the 
maximum horizontal deformation occurs around 10m away from the Glory Façade. The 
concrete block and/or consolidated soil offer little to no reduction in maximum horizontal 
deformation. 
6.8.3.1 Case 1:  
No wall, no concrete block, no consolidated soil 
 
Extreme Ux = 5,75*10
-3
m = 5,8mm 
6.8.3.2 Case 2:  
Wall, no concrete block, no consolidated soil  
 
Extreme Ux = 5,99*10
-3
m =6,0mm 
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6.8.3.3 Case 3  
Wall, no concrete block, consolidated soil  
 
Extreme Ux = 5,99*10
-3
m =6,0mm 
6.8.3.4 Case 4  
Wall, concrete block, no consolidated soil  
 
Extreme Ux  = 6,04*10
-3
m=6,0mm 
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6.8.3.5 Case 5  
Wall, concrete block, consolidated soil  
 
Extreme Uy= 5,97*10
-3
m=6,0mm 
6.8.4 Boscardin and Cording 
The horizontal strain and angular distortion were calculated for the Sagrada Familia. A 
horizontal cross-section coinciding with the foundations of the Sagrada Familia was taken 
and a spreadsheet of the horizontal and vertical deformations was obtained. An Excel 
spreadsheet was used to calculate the horizontal strain and angular distortion at 5m intervals, 
in order to represent the typical spacing between columns. They were then compared with the 
Boscardin and Cording limits to deduce the level of damage sustained. 
6.8.4.1 Angular distortion 
The angular distortion was calculated using the formula 
                   
     
   
 
           
       
 
                                          
     
6.8.4.2 Horizontal strain 
The horizontal strain was calculated using the formula 
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6.8.4.3 Case 1:  
No wall, no concrete block, no consolidated soil 
 
 
6.8.4.4 Case 2:  
Wall, no concrete block, no consolidated soil  
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6.8.4.5 Case 3  
Wall, no concrete block, consolidated soil  
 
 
6.8.4.6 Case 4  
Wall, concrete block, no consolidated soil  
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6.8.4.7 Case 5  
Wall, concrete block, consolidated soil  
 
 
Only Case 1 had a point within the very slight damage range. All other points were in the 
negligible damage range. This represents that the majority of the cathedral would be 
unaffected with only very slight localised aesthetic damage closer to the tunnel. 
In the other four cases, all points lay well within the negligible damage range. This means 
that the tunnel did not pose any risk of causing structural or aesthetic damage to the cathedral. 
The concrete block and consolidated soil did little to prevent any damage sustained by the 
cathedral. 
6.9 Volume loss comparison 
The volume loss (VL) is the difference between the original bored cross sectional area of the 
tunnel and the final cross sectional area of the tunnel. It is an empirical parameter related to 
the cross sectional area of the tunnel, its depth, type of soil, tunnelling technique and quality 
of workmanship.  
Various volume loss coefficients ranging from 0,1% to 0,8% were compared for the case with 
no wall, no concrete block and no consolidated soil. The following vertical deformation 
profiles were obtained for a cross-section coinciding with the foundations of the Sagrada 
Familia. The scale was set at 1000:1 for each case. 
The graph shows a linear relationship between the volume loss coefficient and the extreme 
vertical deformation.   
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6.9.1 Volume loss coefficient 0,1% 
 
Extreme Uy = -8,75*10
-3
m = -8,8mm 
6.9.2 Volume loss coefficient 0,3% 
 
Extreme Uy = -14,74*10
-3
m = -14,7mm 
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6.9.3 Volume loss coefficient 0,5% 
 
Extreme Uy = -21,87*10
-3
m = -21,9mm 
6.9.4 Volume loss coefficient 0,8% 
 
Extreme Uy = -29*10
-3
m = -29mm 
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6.9.5 Relationship VL vs. Uy 
 
 
6.10 Analysis of results 
The results show that the wall reduces surface deformations. The presence of the wall reduces 
the maximum vertical deformation by 41%. However, the maximum horizontal deformation 
was unchanged, although its location moved 10m to the left. With the wall, all points were 
shifted to the bottom left on the Boscardin and Cording graph, well within the negligible 
damage range, whereas without it, one point lay within the very slight damage range.  
However, the concrete block and/or consolidated soil offer little to no reduction in maximum 
vertical or horizontal deformation. Additionally, their incorporation does not affect the points 
on the Boscardin and Cording graph. 
We can conclude from the Volume Loss Comparison, that the wall is not necessary if the 
volume loss coefficient is low. A volume loss coefficient of 0,3% achieves a smaller 
maximum vertical deformation than a volume loss coefficient of 0,8% with the wall, concrete 
block and consolidated soil all activated.  
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7 DISCUSSION 
7.1 Construction difficulties 
The degree of precision required to construct the piled wall in practice is extremely high. The 
foundations are 2m on one side of the wall, and the tunnel 2m on the other. Therefore, it is 
essential that none of the 104 piles be drilled into the path of the oncoming tunnel-boring 
machine. If this happens, the steel reinforcement could become entangled with the TBM 
cutter blades, which could lead to unpredictable and catastrophic failure. 
Additionally, the constructor must be careful not to cause settlements or swelling while 
consolidating the soil or constructing the 3 by 3 meter concrete block. In fact, the marginal 
reduction in settlement caused by these elements, may be negated by their risk of causing 
deformations during their construction. 
It is extremely important therefore, that the team undertaking the piled wall construction is 
very cautious and experienced.   
Furthermore, the volume loss comparison shows that the vertical deformation is roughly 
proportional to the volume loss coefficient. Surface deformations can be controlled by 
reducing the volume loss of the tunnel. This can be achieved by maintaining adequate face 
pressure of the tunnel face wall, injecting the appropriate additives such as bentonite or foam 
and ensuring that the tunnel lining is sufficiently strong and fits well. 
7.2 Approximations 
Certain simplifications were employed during the finite element analysis. A further study 
may model the soil strata and phreatic level more accurately, instead of approximated as 
horizontal strata. This would require additional information regarding the geology of the area 
surrounding the Sagrada Familia. 
Additionally, the finite element analysis used a volume loss coefficient of 0,8%. This could 
be considered a conservative overestimation for a well functioning EPBM. Using the actual 
volume loss coefficient of the TBM Barcino would further improve the accuracy of the FEM 
analysis. 
Lastly, the FEM analysis could be further refined by exploring in detail the interactions of the 
piled wall, the concrete block and the consolidated soil. This would include considering the 
volumetric strain caused by soil grouting, and the tie beam and connecting slab elements.  
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8 RECOMMENDATIONS 
Certain recommendations can be drawn from the finite element analyses. Firstly, we can 
conclude that the wall does reduce surface deformations. The presence of the wall reduces the 
maximum vertical deformation by 41%. The maximum horizontal deformation was 
unchanged, although its location moved 10m to the left. With the wall, all points shifted 
towards the bottom left on the Boscardin and Cording graph, well within the negligible 
damage range, whereas without it, one point lay within the very slight damage range. From 
this information, we can conclude that the construction of the piled wall is recommendable. 
However, the concrete block and consolidated soil could be considered superfluous as they 
did little to prevent any damage sustained by the cathedral and offer little to no reduction in 
maximum vertical or horizontal deformation. Additionally, the marginal reduction in 
settlement caused by these elements, may be negated by their risk of causing deformations 
during their construction.  
We can conclude from the Volume Loss Comparison, that the wall is not necessary if the 
volume loss coefficient is low. Constructors always strive to keep the volume loss as low as 
possible. However, this is difficult to guarantee, as an unforeseen change in geology, a 
malfunction in the running of the EPBM or a change in water table could cause higher than 
expected volume losses. This uncertainty reinforces the need for the protective wall. 
Furthermore, apart from the stretch near the Casa Milá, the rest of the Sants-Sagrera tunnel 
was constructed without protective walls with no problems arising. From this, we could 
conclude that their implementation was not necessary. However, their incorporation into the 
tunnel’s design may have helped to set a nervous public at ease and prevented damage to the 
cathedral if the volume loss was higher than expected.   
The tunnel runs next to the Glory Façade, which is the newest part of the cathedral. As this 
façade is constructed with reinforced concrete it is most resistant to damage or deformations. 
If any unforeseen circumstances did occur and surface deformations were larger than 
expected, it is the part of the church most likely to be able to withstand them. 
The results of the finite element analysis were found to be similar to measurements taken in 
practice. The results of the measurements taken by the comprehensive monitoring system 
show that neither the structure of the Sagrada Familia nor its surroundings, including 
buildings and other infrastructures, have been affected, since no subsidence of more than one 
millimetre was detected. Moreover, it should be noted that no environmental or water table 
damage was detected either (Ajuntament de Barcelona, 2011) 
It should also be noted that the first two Boscardin and Cording damage categories 
(negligible and very slight) relate to aesthetic damage. Furthermore, with the adopted solution 
(case 5: wall, concrete block and consolidated soil) with a volume loss coefficient of 0,8%, 
the damage lay well within the negligible range. As the measurements taken in practice are 
smaller than those obtained by the FEM analysis, the actual volume loss coefficient is likely 
to be lower than this, and the tunnel poses minimal risk to the structural integrity of the 
Sagrada Familia.   
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